Aims Increased levels of nitrogen (N) deposition lead to enhanced N contents and reduced productivity of many bryophyte species. This study aimed at elucidating the mechanisms by which enhanced N uptake may cause growth reduction of bryophytes, focusing on the effects of N addition on carbon (C) metabolism of bryophytes. † Methods Plantlets of Thuidium tamariscinum and Hylocomium splendens were fertilized with NH 4 NO 3 (N load equalling 30 kg ha 21 year
INTRODUCTION
Atmospheric nitrogen (N) deposition increased dramatically in most parts of Europe during the second half of the 20th century (Galloway, 1995) . Though currently emissions are not rising further, they still remain at a high level. Bryophytes have been shown to be highly sensitive to atmospheric deposition of pollutants since, due to the lack of a cuticle and a high surface area, they readily take up nutrients and pollutants from atmospheric sources (Bates, 2000; Zechmeister et al., 2003) .
In addition to direct physiological effects on growth and N and carbon (C) metabolism, N deposition may also affect bryophytes indirectly by changing the competitiveness of higher plants and bryophytes (Bobbink et al., 1998; Pearce and van der Wal, 2002; Skrindo and Okland, 2002) . With regard to direct effects of N deposition, bryophytes cannot be considered a homogenous functional group, as species differ considerably in their response to N fertilization (Dirkse and Martakis, 1992; Potter et al., 1995; Gordon et al., 2001; Paulissen et al., 2004) . This at least partly reflects divergent nutrient acquisition strategies of different bryophyte species. Fast-growing bryophytes, which rely on nutrients released from litter, have been shown to react differently to nutrient addition than species predominantly depending on atmospheric nutrient supply (Bates, 1992 (Bates, , 1994 . Generally, physiological properties and long-term adaptations determine individual responses of bryophyte species (Baxter et al., 1992; Paulissen et al., 2005) .
Studies on the effects of increased N deposition on bryophytes published during the last 20 years revealed both decreased productivity (Potter et al., 1995; Pearce et al., 2003; Mitchell et al., 2004) and increased productivity of bryophytes (Aerts et al., 1992; Jonsdottir et al., 1995) , even in the same bryophyte species. This may be due to the fact that levels of N deposition at the study sites as well as the amounts of experimentally applied N varied considerably. Moreover, results from short-term experiments are often different from long-term studies. Growth stimulation of bryophytes caused by N fertilization indicated that in oligotrophic habitats, productivity of bryophytes, usually considered to be adapted to low nutrient environments, was limited by N (Aerts et al., 1992; Jonsdottir et al., 1995) . However, under current levels of N deposition in most parts of western and central Europe, the N supply of bryophytes may be super-optimal, exceeding bryophyte N demand for growth, and resulting in increased gametophyte N concentrations (Jauhiainen et al., 1998; Nordin and Gunnarsson, 2000) . As a consequence of excess N uptake, reduced growth rates of bryophytes have been reported above a certain level of N content (Van Der Heijden et al., 2000; Pearce et al., 2003; Solga et al., 2005) . However, the mechanisms behind this growth reduction are still unclear.
It has been suggested that NH 4 þ toxicity causes membrane dysfunction (Limpens and Berendse, 2003; Paulissen et al., 2005) or that the accumulation of specific amino acids plays a role in this mechanism (Nordin and Gunnarsson, 2000; Paulissen et al., 2005) . Evidence for either of these explanations is still missing since no comprehensive analysis of primary metabolites in N-treated bryophytes has been published yet.
This paper presents results from a fertilization experiment with NH 4 NO 3 (N load equivalent to a deposition rate of 30 kg ha 21 year
21
), with Hylocomium splendens and Thuidium tamariscinum, two large ectohydric feather mosses common on forest floors in temperate and boreal forests. In Austria the abundance of H. splendens has been observed to decrease at sites affected by high N deposition during the last 10 years, while that of T. tamariscinum has been reported to increase slightly (H. G. Zechmeister, unpubl. res.) .
Any change in bryophyte abundance may exhibit strong effects on ecosystems, since bryophytes, although a minor element in terms of biomass, play an important role in nutrient cycling of many ecosystems, thus considerably influencing ecosystem processes (Oechel and Van Cleve, 1986; Chapin et al., 1987; Eckstein, 2000; Turetsky, 2003) . This study therefore aimed at elucidating the mechanism by which enhanced N deposition may cause growth reduction of some bryophytes. The hypothesis was that excess N uptake stimulates the synthesis of organic N compounds, a process requiring energy and carbon which is thereby drained from growth processes. Moreover, when the N assimilation capacity of bryophytes is overloaded, inorganic N forms may accumulate, further impairing carbon metabolism of bryophytes. Thus it was assumed that the growth reduction of H. splendens observed in the field is caused by the accumulation of organic N compounds leading to a shortage of C, while T. tamariscinum is able to utilize additional N for growth. Therefore concentrations of C and N storage compounds were analysed in fertilized and unfertilized plants of both species, as well as C fluxes into different pools of extractable metabolites by a 13 C-labelling experiment. (Smidt, 2004) . N deposition levels at the sampling sites are expected to be slightly higher than at Mürzzuschlag due to the greater altitude of the sampling location (approx. 200 m).
MATERIALS AND METHODS
For each species plants from all sites were pooled. Plantlets comprising the two last annual segments were cut and 20 of each were put on filter paper in Petri dishes. CO 2 labelling plants were grown in a climate chamber under environmental conditions as given above for further 3 d. Plants were harvested, inactivated by shock-heating in a microwave oven and dried at 60 8C. After determination of dry weights, plant materials were finely ground in a ball mill.
Growth analysis
Relative growth rates were calculated from projection areas of shoots ('leaf areas') and dry weights using a software tool for plant growth analysis (Hunt et al., 2002) . Final dry masses were determined by weighing. Initial dry weights were calculated from initial 'leaf areas' by an equation derived from correlation of final dry weights and the respective final 'leaf areas':
where x is the initial leaf area (cm 2 ) and y the initial dry weight (g). Projection areas were determined by scanning and graphical analysis using Photoshop 7.
Determination of soluble carbohydrates, organic acids, nitrate and ammonium Finely ground plant material (20 mg) was extracted with 0 . 5 mL of a mixture of methanol and chloroform (12 : 5) for 30 min at 60 8C. After adding 0.5 mL of water for phase separation, samples were centrifuged, and the aqueous phase (supernatant) and the chloroform (lipid) phase were stored separately at 220 8C. Aliquots of the aqueous phase were used for the following analyses. Soluble carbohydrates were determined by HPLC with pulsed amperometric detection (DX 500, Dionex) using an anion exchange column (Carbopac PA10, 250 Â 2 mm, Dionex) and 100 mM NaOH at a flow rate of 0 . 25 mL min 21 (30 8C). Ammonium was determined by ion chromatography and conductivity detection after chemical suppression (DX 500, Dionex) using a cation exchange column (CS16, 5 Â 250 mm, Dionex) and 48 mM methane sulfonic acid at a flow rate of 1 mL min 21 (40 8C). For determination of anions, finely ground plant material (20 mg) was extracted in a shaking water bath with 1 ml water for 30 min at 80 8C. Samples were centrifuged after cooling and the supernatant was stored at 220 8C. Organic acids and nitrate were analysed by ion chromatography and conductivity detection after chemical suppression (DX 500, Dionex) using an anion exchange column (AS11, 250 Â 4 mm, Dionex) and NaOH gradient elution (2 . 5 min isocratic at 0 . 05 mM, linear increase from 0 . 05 to 37 . 5 mM over 15 . 5 min) at a flow rate of 2 mL min 21 .
Fractionation by ion exchange chromatography
Conditioning of cation and anion exchange resins was performed as follows. Cation exchange resin (DOWEX 50 W Â 8, 50-100 mesh; Sigma) was incubated with 1 M HCl at 60 8C, then rinsed thoroughly with water. Anion exchange resin (DOWEX 1 Â 8, 50-100 mesh; Fluka) was suspended in 1 M NaOH at room temperature, rinsed with water, equilibrated with 1 M sodium-formate and again rinsed with excess water. SPE cartridges (Supelco filtration tubes, 3 mL) were filled with cation and anion exchange resins. Aliquots (500 mL) of the aqueous phase of methanol/chloroform/water (MCW) extracts were applied to coupled ion exchange columns (cation-above anionexchange resin). Ion exchange columns were rinsed with 30 mL water and the eluate was collected. Cation exchange columns were eluted with 30 mL 3 M NH 4 OH, anion exchange columns with 20 ml 12 N formic acid. Eluates were taken to dryness using a rotary evaporator, redissolved in water and stored at 220 8C.
Amino acid analyses
Aliquots of the cationic fraction were analysed for amino acids by HPLC with UV absorbance detection (Dionex Summit) using a reversed phase column (Novapak C18, 3 . 9 Â 300 mm; Waters) and a gradient of sodium acetate buffer (pH 6 . 4, containing 6 % acetonitrile, 0 . 05 % TEA, 0 . 02 % EDTA) and acetonitrile/water (3 : 2 (v/v), containing 0 . 02 % EDTA) at a flow rate of 1 mL min 21 (method modified from instructions given by the manufacturer, Waters). Before quantification, samples were dried under vacuum after adding a drying solution (methanol, 1 M sodium acetate and triethyl amine in a ratio of 1 : 1 : 0 . 5) and derivatized with phenyl isothiocyanate (derivatization solution consisting of methanol, TEA, water and phenylisothiocyanate at a ratio of 7 : 1 : 1 : 1). Norleucine, added to the samples before ion exchange, served as an internal standard. For peak identification and calibration an amino acid standard solution (No. 09428; Fluka) augmented with glutamine and asparagine was used.
Starch and protein preparation for quantification and carbon isotope analysis
Preparation of starch for carbon isotope analysis generally followed Wanek et al. (2001) . Finely ground plant material (150 mg) was extracted with 4 mL of a mixture of methanol, chloroform and water (12 : 3 : 5, v/v/v) at 70 8C for 30 min, samples were centrifuged and the supernatant was decanted. This step was repeated twice, with incubation times of 10 min each. Samples were washed three times with water, each time shaken and centrifuged, then samples were dried. Purification of a-amylase solution was performed as described in Gottlicher et al. (2006) . The pre-washed dried bryophyte samples were incubated with 750 mL of water at 100 8C for 15 min. After cooling, 250 mL of purified a-amylase solution were added and samples were incubated at 85 8C for 120 min. Samples were centrifuged, the supernatant was transferred to pre-cleaned centrifugal filter devices (Microcon YM-10, Regenerated Cellulose, 10000 MWCO, amicon Bioseperations, Millipore Corporation) and centrifuged. Aliquots of the filtrate were pipetted into tin capsules, dried and analysed by isotope ratio mass spectrometry (IRMS) (see below).
For determination of soluble proteins, finely ground plant material (10 mg) was extracted with 1 . 5 mL of 0 . 25 M NaOH at 95 8C for 60 min. After centrifugation, aliquots (1 mL) of the supernatant were mixed with 1 mL of 36 % trichloracetic acid to precipitate protein and centrifuged after 10 min. The protein precipitate was washed with 100 % ethanol, dried in vacuo and redissolved in 25 mM NaOH. Aliquots were pipetted into tin capsules, dried and analysed by IRMS.
Determination of carbon isotope ratios and carbon concentrations
For determination of isotope ratios and C contents of bulk material, plant powder (1 . 5 -2 mg) was weighed into tin capsules and subjected to isotope ratio mass spectrometry (IRMS). Aliquots of neutral, cationic and anionic fractions of extracts (see ion exchange procedure), as well as aliquots of the lipid phases of MCW extracts (see soluble carbohydrates) were pipetted into tin capsules, dried and together with the starch hydrolysates and protein extracts analysed by IRMS. Samples were analysed by continuous-flow IRMS, consisting of an elemental analyser (EA 1100; CE instuments, Milan, Italy) connected to a gas isotope ratio mass spectrometer (Delta PLUS ; Finnigan MAT, Bremen, Germany). High purity CO 2 (AGA, Vienna, Austria) was used as the reference gas. 13 
where T is the turnover rate (year C incorporation rates. The authors are fully aware that the turnover rates calculated in this way represent rough estimates only, due to higher than ambient CO 2 concentrations during labelling, the 2-h pulse -3-d chase period (daily incorporation was calculated by multiplying by 4, assuming 8 h to represent the daily period of maximum photosynthetic fixation) and seasonal fluctuations in bryophyte photosynthetic behaviour. However, they allow for C dynamics to be compared between treatments and species in this study.
Statistical analysis
Differences between treatments were analysed using the Mann -Whitney test. Comparison of species was performed by Kruskal -Wallis tests. These tests were chosen because the data generally did not meet the assumption of normality and equality of variance. All statistical analyses were performed using SPSS 10 . 0.
RESULTS

Growth
Hylocomium splendens generally showed lower relative growth rates than T. tamariscinum (Fig. 1) . No statistically significant differences in growth rates were apparent between controls and N-treated plants of either bryophyte species. However, the relative growth rates of fertilized H. splendens plants declined by 75 % compared with controls.
Carbon
Analysis of C pools revealed that the greatest amount of C was stored in lipids, followed by neutral fraction and soluble proteins, with the exception of control plants of H. splendens, where the soluble protein pool was much larger than that of the neutral fraction (Fig. 2) . In both bryophyte species, fertilized plants generally showed smaller C pools than controls, whereas carbon fluxes into fertilized plants tended to be increased in T. tamariscinum and to be slightly decreased in H. splendens (Fig. 2) . The overall pattern of C fluxes was similar for all treatments, with the dominant C flux into neutral fraction.
Regarding C contents expressed on a dry weight basis, N treatment significantly decreased lipid concentrations in both species (Table 1A) . Differences in C concentrations of other fractions were not significant. The sum of all extractable compounds made up a smaller portion of total C in fertilized plants than in controls, 42 % in fertilized versus 52 % in control plants in T. tamariscinum and 47 % versus 73 % in H. splendens. Thus, in fertilized plants a comparatively higher portion of total C was stored in substances which were not extracted by the procedure used in this study, i.e. cell wall components. Total 13 C incorporation on a dry matter basis tended to increase with N fertilization in T. tamariscinum (Table 1B) . This tendency was reflected in all fractions Values are means of five. Significance levels: þ, P , 0 . 1; *, P , 0 . 05.
except for starch, with significant increases for lipids and soluble proteins. However, partitioning of the total 13 C flux was nearly identical in both treatments and species. In H. splendens, 13 C incorporation was not significantly influenced by N treatment, except for a decreased flux into soluble proteins. Hylocomium splendens generally showed lower 13 C incorporation rates than T. tamariscinum. Calculation of C pool turnover rates from pool sizes and short-term 13 C fluxes revealed a marked increase in turnover rates of C pools by N treatment in both bryophyte species. Turnover rates of lipids, the major C storage pool, increased from 0 . 4 year 21 in controls to 0 . 8 year 21 in fertilized plants of T. tamariscinum, and from 0 . 3 year 21 to 0 . 5 year 21 in H. splendens. Turnover rates of sugars (neutral fraction) increased from 47 to 72 in T. tamariscinum and from 40 to 56 in H. splendens.
The concentration of sucrose, the most abundant soluble carbohydrate, tended to increase with N treatment in T. tamariscinum, whereas in H. splendens the opposite was the case (Table 2 ). However, differences were not significant because of the high variation in values. In H. splendens decreased concentrations of glucose and fructose in fertilized plants were observed. Raffinose concentrations were elevated by N treatment in T. tamariscinum, and a similar trend was observed in H. splendens.
Malic acid, the dominant organic acid, showed a similar change in concentration as sucrose, with a positive effect of N addition in T. tamariscinum and a negative effect in H. splendens, although again differences were insignificant. Oxalic acid concentration increased significantly in N-fertilized plants of T. tamariscinum, whereas in H. splendens no effect of N treatment was evident.
Nitrogen N fertilization resulted in a significantly greater N concentration in H. splendens (Fig. 3) and in T. tamariscinum a similar trend was found. If values were calculated on a plantlet basis (4 . 4 mg N per 20 plantlets in fertilized plants versus 3 . 9 mg N in controls in T. tamariscinum, 5 . 8 mg N versus 4 . 8 mg N in H. splendens), differences in H. splendens were no longer significant. Contents of amino acid-N in N-treated plants ranged from 340 mg g 21 in T. tamariscinum to 590 mg g 21 in H. splendens. A significant increase in amino acid-N was found in T. tamariscinum only. NH 4 þ -N concentrations increased significantly by N addition in both species, whereas NO 3 2 -N concentrations did not change significantly. Dominant amino acids in T. tamariscinum were asparagine, glutamine, glutamic acid and alanine ( Table 2) . Concentrations of asparagine, glutamine, alanine and aspartic acid increased significantly by the N treatment. In T. tamariscinum, asparagine and glutamine comprised 42 % and 26 % of total amino acid-N in fertilized plants, compared with 28 % and 16 % in controls, respectively. In H. splendens, asparagine and arginine acted as major N storage compounds (containing 50 % and 20 % of total amino acid-N in both treatments). Despite a tendency to increased concentrations of most amino acids in fertilized plants, no significant differences between treatments were observed in H. splendens.
DISCUSSION
The strong tendency towards growth reduction in H. splendens (75 % decrease in RGR) (Fig. 1) is consistent with Swedish forest fertilization experiments showing a marked decrease in cover of H. splendens as a result of applying a N dose of 30 kg ha 21 year 21 (Dirkse and Martakis, 1992) . In contrast to what was expected from observations of the increasing abundance of T. tamariscinum in Austria, growth rates of T. tamariscinum were not enhanced by N addition in this study. However, growth responses of bryophytes under laboratory conditions may differ from those observed in the field, since laboratory conditions are inevitably artificial, especially in terms of hydration regime and nutrient supply. Growth of feather mosses was shown to be closely related to microclimate (Busby et al., 1978) , which could therefore explain lower growth rates of T. tamariscinum and H. splendens in the laboratory compared to field conditions (Busby et al., 1978; Rincón, 1993; Callaghan et al., 1997) . Furthermore, aging of moss segments older than two years, which were not used for the experiment, may contribute to the nutrient supply of younger segments via reallocation of nutrients (Eckstein and Karlsson, 1999) , thus also affecting growth.
Nevertheless, the present results demonstrate an increased metabolic activity of T. tamariscinum, as well as a considerably better physiological status of T. tamariscinum compared with H. splendens under enhanced N conditions, which may lead to enhanced productivity of T. tamariscinum in the longer term. First, carbon ( 13 C) incorporation into fertilized T. tamariscinum plants increased (Fig. 2 and Table 1 ). Secondly, high C fixation rates of N-treated plants were reflected in increased concentrations of sucrose and organic acids (Table 2 ). In contrast, in H. splendens sucrose and organic acids tended to decrease despite a considerable reduction in plantlet growth. Generally, higher concentrations of all compounds analysed in H. splendens than in T. tamariscinum may be caused by lower growth of H. splendens. A negative correlation of soluble carbohydrates and total N has already been observed in Sphagnum species (Van Der Heijden et al., 2000) , whereas results from a Swedish forest fertilization experiment showed no significant changes in content of soluble carbohydrates in H. splendens after 8 years of N addition (Forsum et al., 2006) .
The increase in total N content observed (Fig. 3A) is consistent with results from comparable experiments (Soares and Pearson, 1997; Limpens and Berendse, 2003; Pearce et al., 2003) . Similar to these studies, increased bryophyte N contents have been shown not to be the mere result of growth reduction but of enhanced ('luxury') N uptake. Concentrations of amino acid-N (Fig. 3B) were below values reported for Sphagnum species under similar N-deposition levels (Nordin and Gunnarsson, 2000; Limpens and Berendse, 2003) and below values described for H. splendens in a long-term fertilization experiment (Forsum et al., 2006) . In Sphagnum species growth reduction was observed when amino acid-N concentrations exceeded 2 mg g 21 d. wt (Nordin and Gunnarsson, 2000) . However, Limpens and Berendse (2003) did not find any correlation between amino acid-N and growth rates, even at amino acid-N concentrations well above 2 mg g 21 . Accumulation of amino acids has been considered to be a possible cause of growth reduction in bryophytes under increased levels of N deposition (Nordin and Gunnarsson, 2000; Paulissen et al., 2005) . However, the present results do not support this hypothesis. First, a marked increase in amino acid-N was only found in T. tamariscinum, which showed no growth reduction, whereas in H. splendens no significant differences in amino acid-N concentrations were observed, despite considerable reduction in growth rates. In T. tamariscinum predominantly the synthesis of amino acids with a low C : N ratio was enhanced by N addition, implying high C efficiency in N storage, as previously described for Sphagnum species (Baxter et al., 1992; Limpens and Berendse, 2003) . Secondly, enhanced synthesis of free amino acids cannot have provoked C shortage, since the amount of C required for amino acid synthesis was very low in comparison to other C storage pools, nor did the C fluxes into cationic fraction significantly increase with N fertilization.
Regarding effects of N addition on C metabolism, the most striking changes were found in content of lipids in both species (Table 1A) . Generally, the fraction of extractable C compounds declined. These observations were similar to those found for N, increasing total N not being paralleled by increasing soluble N. This suggests the accumulation of some unknown N-containing organic compounds, most probably of cell wall proteins, that are not extractable by common solvents but constitute a large fraction of total N in plants (Takashima et al., 2004) . This may especially be the case in H. splendens, where the increase in total N content was higher than in T. tamariscinum. The need for energy and carbon for the synthesis of these organic compounds may have caused the observed growth reduction. Similar partitioning of C fluxes in both treatments is possibly due to the fact that the time span of 3 d between 13 C-labelling and harvest was rather short, thus a great proportion of fixed C was still found in primary C fixation products, i.e. soluble sugars. Nevertheless, differences in subsequent metabolic conversion of sugars may become apparent in the longer term.
Carbon pool turnover rates greatly increased in response to N fertilization, particularly for lipids, sugars and proteins (all representing key storage components in bryophytes), pointing to N deposition as a stress factor. The acceleration of cellular C metabolism, implying enhanced respiratory losses, may also have contributed to the reduction of the major C storage pool (lipids) and a lower allocation of C to biomass production.
A hypothesis which has frequently been put forward as an explanation for reduced productivity of bryophytes by N deposition is that NH 4 þ toxicity might cause membrane dysfunction (Limpens and Berendse, 2003; Pearce et al., 2003; Paulissen et al., 2005) . In this case, growth reduction of N-sensitive bryophyte species would not be caused by the accumulation of amino acids or other N-containing organic compounds but by the incapability of the N-assimilation apparatus to adapt to high NH 4 þ concentrations, i.e. the inefficiency in NH 4 þ -assimilation. As indicators of severe membrane dysfunction, K þ leakage (Pearce et al., 2003; Paulissen et al., 2005) and even a decrease of N contents (Paulissen et al., 2005) have been observed. However, in the present study no evidence was found for NH 4 þ toxicity. K þ contents per replicate were similar in fertilized and control plants in both species (data not shown). Values for NH 4 þ were low (Fig. 3C ) and may have comprised considerable amounts of extracellular NH 4 þ bound to cell walls. Similar values have recently been reported for H. splendens (Forsum et al., 2006) .
Finally, down-regulation of growth can also occur via effects of dissolved organic or inorganic N compounds on regulation of C metabolism, such as modulation of gene expression by specific amino acids. This was, however, beyond the goals of the present study, and should be a next step forward in understanding the mechanisms involved in the regulation of metabolic pathways in bryophytes.
In summary, the present results support the hypothesis that growth reduction of bryophytes under high levels of N deposition was caused by the accumulation of N-containing organic compounds, most probably of cell wall proteins. The accumulation of free amino acids apparently was not responsible for the observed decrease in growth. Disturbance of cellular C metabolism as indicated by enhanced C pool turnover rates further seems to play an important role in growth reduction of bryophytes. No evidence for NH 4 þ -toxicity was found as the cause of growth reduction. Other effects of increased N content on regulation of C metabolism may also contribute to the decrease in productivity of bryophytes.
